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REDUCING TARGET FREQUENCY
VARIATION IN OSCILLATOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of and priority to U.S.
Provisional Patent Application No. 63/418,677 filed Oct. 24,
2022, which is hereby fully incorporated herein by refer-
ence.

BACKGROUND

The described examples relate to integrated circuits (sin-
gular IC, plural, ICs) and more particularly to IC oscillators.

ICs are widely implemented in numerous devices, for
various applications, including as examples: industrial auto-
mation, consumer electronics, automotive control, and still
others. These devices, and applications, provide a wide
variety of design considerations. An IC may require some
type of timing signal, which for example may be generated
by an oscillator that is sometimes also referred to as a clock.
Some ICs include the oscillator internally, and the oscillator
typically converts a DC voltage of the IC to an AC signal
having a desired oscillator frequency. The oscillator fre-
quency may be controlled by one or more passive devices,
for example including a resistor or resistor network that
provide a frequency-controlling resistance, and possibly a
capacitor or switched capacitance. Certain factors, however,
may undesirably influence the frequency-controlling resis-
tance and likewise the oscillator frequency. For example,
such resistance-affecting factors include any one or more of
IC temperature, package stress, and age.

Examples are provided in this document that may
improve on various of the above considerations as well as
other concepts, as further detailed below.

SUMMARY

In one example, there is an integrated circuit, comprising
an error amplifier having a first input, a second input, and an
output, a voltage controlled oscillator having an input
coupled to the output of the error amplifier, a feedback
controlled voltage stage having at least one control coupled
to the output of the error amplifier and an output coupled to
the first input of the error amplifier, and an adaptive-
reference voltage stage coupled to the second input of the
error amplifier.

Other aspects are also disclosed and claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an electrical diagram of an oscillator configu-
ration.

FIG. 2 is a simulation graph representing an example of
potential improvement by the FIG. 1 oscillator configura-
tion.

DETAILED DESCRIPTION

FIG. 1 is an electrical diagram of an oscillator configu-
ration 100. The oscillator configuration 100 may be formed,
for example, internally within an IC 102. The oscillator
configuration 100 is adapted to receive, and be powered by,
a bias voltage VDD, either provided to or generated by the
1C 102. In response to VDD, the oscillator configuration 100
provides an output clock signal, CLOCK_OUT.
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2

CLOCK_OUT may be used to clock one or more clocked
devices 104 also within the IC 102, and the clocked devices
104 may be of various types or forms based on the IC 102
specifications and functionality.

Generally, the oscillator configuration 100 includes a
feedback-controlled voltage stage 106 and an adaptive-
reference voltage stage 108. A current mirror reference
transistor 110, for example a metal-oxide-semiconductor
field effect transistor (MOSFET), has a source connected to
VDD, a drain connected to ground and to its gate, and its
gate further coupled to each of the stages 106 and 108. In the
example, current mirror reference transistor 110 is a PMOS
transistor. Given a mirroring connectivity (e.g., common
gate-to-source voltage) of the current mirror reference tran-
sistor 110 to the stages 106 and 108 as further detailed
below, the relatively stable drain reference current I_R ofthe
current mirror reference transistor 110 can be mirrored, at a
same or proportional level, in each of the stages 106 and
108. The feedback-controlled voltage stage 106 outputs a
voltage V1, which may be coupled directly, or through an
optional filter 112 (shown in dotted lines as optional and to
reduce any noise or potential jitter in V1), to a non-inverting
input of an error amplifier 114. The adaptive-reference
voltage stage 108 provides outputs an adaptable voltage V3
to an inverting input of the error amplifier 114. The output
of the error amplifier 114 provides a control voltage,
VCTRL, to a voltage controlled oscillator (VCO) 116. The
output of the VCO 116 provides CLOCK_OUT, and it is also
fed back through a divider 118. The divider 118 may divide
the period of CLOCK_OUT by any desired value, and it is
typically triggered only once per period (for example, on a
rising transition), so that the divider 118 output has a 50%
duty cycle, whereas the CLOCK_OUT signal may depart
from such a duty cycle. Further, the divider 118 output
provides a switch control signal SWCTRL to the feedback-
controlled voltage stage 106, as further detailed below.

The feedback-controlled voltage stage 106 includes a first
MOS ftransistor 120 (e.g., PMOS) and a switched resistor
network 122. The source of the first MOS transistor 120 is
connected to VDD, and the gate of the first MOS transistor
120 is connected to a first node 124, which is also connected
to the gate of the current mirror reference transistor 110. The
switched resistor network 122 includes a first switch 126
with a first terminal connected to a second node 128, which
is connected to the drain of the first MOS transistor 120. For
later reference, the current provided by the drain of the first
MOS transistor 120 to the node 128 is referred to as 11. A
second terminal of the first switch 126 is connected to a first
plate of a capacitor 130. A second plate of the capacitor 130
is connected to ground. The first plate of the capacitor 130
is also connected to a first terminal of a second switch 131,
and the second terminal of the second switch 131 is con-
nected to ground. Further, the first and second switches 126
and 131 are switched in complementary (one on at a time)
fashion, by the control signal SWCTRL, to cyclically charge
and discharge the capacitor 130, thereby creating a fre-
quency-controlled equivalent impedance. In an example, the
complementary switching is achieved by coupling SWC-
TRL to directly control the first switch 126, and to pass
SWCTRL through an inverter 132 to control the second
switch 131. Other configurations of switched resistance also
may be implemented. The switched resistor network 122
also includes a first resistor 134, having a reference resis-
tance Rref, connected between the second node 128 and
ground. Accordingly, the parallel combination of the first
resistor 134, and the switched resistance of the first and
second switches 126 and 131 and the capacitor 130, provide
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an overall frequency-controlled resistance for the switched
resistor network 122. The second node 128, and accordingly
V1, is also connected to the non-inverting input of the error
amplifier 114.

The adaptive-reference voltage stage 108 includes a sec-
ond MOS transistor 136 (e.g., PMOS), a first parallel
resistance network 138, a voltage divider 140 with a third
resistor 142 and a variable resistor 144, and a buffer 146
(e.g., a high input impedance operational amplifier). The
source of the second MOS transistor 136 is connected to
VDD, and the gate of the second MOS transistor 136 is
connected to the first node 124. The first parallel resistance
network 138 includes a fourth resistor 148 and a fifth resistor
150, each connected between a third node 152, which is
connected to the drain of the second MOS transistor 136,
and a fourth node 154. The fifth resistor 150 has a resistance
Rref, that is, matched to the first resistor 134. The fifth
resistor 150 also may have other like characteristics matched
with those of the first resistor 134, so that in a manner that
the first resistor 134 is influenced by a resistance-impacting
factor(s), then the fifth resistor 150 will be comparably
influenced. The fourth resistor 148 has a resistance oRref,
that is, the resistance of the fifth resistor 150 (Rref) times a
value o, which is selected as detailed later and to adapt the
voltage V3 in response to effects in V1, at the feedback-
controlled voltage stage 106. The fourth node 154 is con-
nected to both the output and inverting input of the buffer
146. A first terminal of the third resistor 142 is connected to
receive a fixed voltage Vfixed, which for example may be
provided from a stable voltage source provided by the IC
102, such as a reference band gap voltage. A second terminal
of the third resistor 142 is connected to a fifth node 156. The
fifth node 156 is also connected to the non-inverting input of
the buffer 146. A first terminal of the variable resistor 144 is
connected to the fifth node 156, and a second terminal of the
variable resistor 144 is connected to ground. For later
reference, the voltage at the fifth node 156 is referred to as
V2, the current provided by the drain of the second MOS
transistor 136 is referred to as [2, and the voltage at the third
node 152 is referred to as V3.

The operation of oscillator configuration 100 is first
described generally. The error amplifier 114 outputs the
voltage VCTRL to control the oscillator 116 to cycle
CLOCK_OUT at a target frequency, f,. As an example,
f,;=32 MHz. More particularly, the adaptive-reference volt-
age stage 108 outputs an adaptable reference voltage, V3,
while the feedback-controlled voltage stage 106 outputs a
frequency-dependent voltage V1. In a nominal sense, the
output of the error amplifier 114 modulates toward a steady
state, at which state there is zero difference (no error)
between the voltages V1 and V3 at its respective non-
inverting and inverting inputs. Thus, to the extent that V3 is
a fixed reference voltage, then any differential error between
the voltages V1 and V3 is zeroed by the feedback of
CLOCK_OUT, through the divider 118 to the switched
resistor network 122. In other words, if the frequency of
CLOCK_OUT departs from f; to a non-target frequency of
fap then f, controls the first and second switches 126 and
131 to alternatively switch and thereby adjust the equivalent
impedance along the switched path between the second node
128 and ground, and that equivalent impedance is in parallel
with the Rref resistance of the first resistor 134, thereby
adjusting the total parallel impedance and, correspondingly,
the value of V1. For example, if f,,>f;, then the equivalent
impedance along the switched path is reduced, likewise
reducing the total impedance of the switched resistor net-
work 122, thereby lowering V1 and decreasing f,, toward
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f,. Alternatively, if f,,<f;, then the equivalent impedance
along the switched path is increased, likewise increasing the
total impedance of the switched resistor network 122,
thereby raising V1 and increasing f, toward f.

The preceding describes the nominal instance where V3 is
a fixed reference voltage and from feedback control that
adjusts a resistance that includes Rref of the first resistor
134; however, in non-ideal situations, resistance-impacting
factors, for example any one or more of temperature, aging,
and packaging stress, may affect the resistance Rref of the
first resistor 134, so that the intended feedback control
toward f is impacted not only due to a differential voltage
based on comparison to a reference, but also due to non-
ideal resistance degradation in Rref. Accordingly, the oscil-
lator nominal performance can be reduced, that is with the
oscillator configuration 100 producing an output frequency
other than f,, due to such resistance-impacting factors. As
further detailed below, V3 from the adaptive-reference volt-
age stage 108 reacts comparably to those resistance-impact-
ing factors, so that to the extent such factors influence V1,
then V3 is comparably influenced, that is, any change in V1
is approximately the same in (or tracked by) V3. In this
sense, the adaptive-reference voltage stage 108 adapts V3, to
compensate for comparable changes in V1, rather than
providing a fixed voltage or one that may depart in a
different or unintended manner from V1. Accordingly, with
the adaptability of the adaptive-reference voltage stage 108,
any difference between V1 and V3 approaches the nominal
scenario, that is, reducing any effect from those resistance-
impacting factors and leaving the difference between V1 and
V3 to control the CLOCK_OUT frequency toward f.

In the adaptive-reference voltage stage 108, V3 is
impacted by V2 at the fifth node 156 and the voltage V3
added to it at the fourth node 154. Further, V3 is impacted
by the current I2 through the total resistance of the first
parallel resistance network 138, and that total resistance is
determined by Rref of the fifth resistor 150 and «tRref of the
fourth resistor 148. In an example, V2 can be trimmed by
adjusting the variable resistor 144, and the selection of
oRref can be made, both by one skilled in the art given the
present teachings, for example with the description provided
below.

Given the preceding, the oscillator configuration 100
adapts V3 via the adaptive-reference voltage stage 108, so
that a deviation of V1 is matched by a deviation in V3.
Mathematically, the deviation in V3 can be indicated as
AV3, so that the total voltage at the third node 152 is
V3+AV3. Similarly and mathematically, the deviation in V1
can be indicated as AV1, so that the total voltage at the
second node 128 is V1+AV1. The adaptability of oscillator
configuration 100 can be thusly mathematically character-
ized in attempting to ensure that AVI=AV3, as further
demonstrated below.

Under ideal and steady-state operations, let the impedance
provided by the first switch 126, the second switch 131, and
the capacitor 130 be represented as shown in Equation 1:

1 Equation 1
L arrer quation
e

In Equation 1, as defined earlier, f; is the target frequency,
and further C is the capacitance of the capacitor 130;
accordingly, the total impedance achieved by the switched
path and capacitor is stated to be in terms of the parallel
resistance of the first resistor 134 and a multiplier or factor,
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o. Stated alternatively, if both sides of Equation 1 are
divided by Rref, then « is proportional (inversely) to the
impedance of the feedback controlled voltage stage, that is,
responsive to each of Rref, C, and the target frequency f,.

V1, the voltage across the switched resistor network 122,
can be expressed under Ohms Law as in the following
Equation 2:

Rref x1 Equation 2
Vi=11x f—/f‘TC
Rref + 1/ fyc

Next, substituting Equation 1 into Equation 2, gives
Equation 3:

Rref X aRref
Ref +aRref

Equation 3
V1l=1I1x

When Rref is influenced by a resistance-impacting
factor(s), the total changed resistance can be indicated as
Rref+ARref. Accordingly, when such a change occurs, the
V1 also changes by AV1, which can be expressed by
substituting the change in Rref into Equation 3, giving
Equation 4:

Equation 4
Vi+AV1=
ARvef ARvef
Rref(l + ) x1/ fyc Rref(l + ] x aRref
I Rref r I Rref
x ARvref x ARvef
Rref(l e o ) +1/fc Rref[1 " e v ) + aRvef

Dividing the Equation 4 numerator and denominator by
Rref gives Equation 5:

Equation 5
Vi+AV1=
ARvef ARvef
Rref(l + )xa aRref(l + —)
1 Rref -1l Rref
x ARvef =X ARvef
+ Reef +o + Rref +o

Equation 5 can be rewritten by multiplying I1 in the
numerator and factoring (1+a) from the denominator, as
shown in Equation 6:

Equation 6

aR 1 ARvef
@ ref[ + Rref)

1 ARref
(1+a@) Rref )

V1+AV1 =

1+ a)[l +

Rearranging Equation 6 gives Equation 7:

(1 +
@ 1 ARref
(1 +a@) Rref

Equation 7

ARvef
Rref )

o
V1+AV1 = X 11X Rref X
1+
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For a variable v having an absolute value less than one, an
approximation may be provided by Equation 8:

1 Equation 8
(L+v)

Using the Equation 8 approximation with

_ 1 ARref
V= Ara Reer

that is, assuming that value is less than one, and substituting
the approximation into Equation 7, gives Equation 9:

Equation 9
V1+AVl =

AR 1 AR
X 11X Rref x [1 + ref][l - ref

(1+a) Rref (1+a@) Rref

Equation 9 may be rewritten by ignoring the negligible
square valued

()

of an already-small number, as in the following Equation 10:

Equation 10
V1+AVl =

ARvef 1 ARref
Rref  (1+a) Rref

o
T o XI1Xx Rref x|1 +

In Equation 10, a common denominator may be provided
for the second term in the square bracket, as shown in
Equation 11:

Equation 11
V1+AVl =

@ ARref)(1+a) 1  ARref
Trg IR x| e " Tra) Reef

In Equation 11, combining like terms results in Equation
12

o o

ARvef
XI1x Rref x|1 +
1+

(1+a@) Rref

Equation 12

V1+AV1 =

Next, from Equation 12, by distributing the multiplier

o
m X 11X Rref
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into each of the addends in the square brackets, gives
Equation 13:

Equation 13
Vi+AV1=

o
1+

X 11X Rref + [( il )2 ARref

IR
()] Reer |¥I1ES

Notably in Equation 13, there are two addends, and the
first is based solely on I1, Rref, and «, that is, all attributes
of the feedback-controlled voltage stage 106, that is, the
current through it, the resistance of the first resistor 134, and
the effect on resistance from o, which recall is defined in
Equation 1. Accordingly, the first addend in Equation 13
mathematically describes how each of those factors impacts
V1, and further then the second addend, which includes the
resistance-impacted ARref of Equation 13, mathematically
describes how each of those factors impacts AV1. In other
words, Equation 13 can be separated into its constituent
addends, as shown in Equations 14 and 15:

V1= —2— 11 x Rref Equation 14
1+
AV = [( o )2 ARref y Equation 15
(I+@)) Rref
2
I1 X Rref = [((1 +a)) ]XARrefxll

Having derived V1 and AV1, a related analysis is pro-
vided to derive V3 and AV3. In steady state (without the
impact of resistance-impacting factors), V3 may be stated in
terms of the voltage V2 at the fifth node 156, plus the voltage
in the first parallel resistance network 138 as generated by
the current I2, as shown mathematically in Equation 16:

aRref X Rref
—— X
aRref + Rref

Equation 16
V3i=v2+

In Equation 16, the resistance o Rref is that of the fourth
resistor 148. Further, Equation 1 defines o, so by that
definition the nominal resistance of the fourth resistor 148 is
equal to

frC’

Equation 16 may be rewritten by factoring out Rref, as in
Equation 17:

o .
V3i=V2+ (m) X Rref X I2 Equation 17

As described earlier, however, Rref also changes in
response to the resistance-impacting factors. Accordingly,
just as V1 changes by AV1 and V3 changes by AV3 to such
factors, likewise Rref may be stated to change, as compa-
rably shown in Equation 18:

h

20

25

30

35

40

45

50

55

60

65

8

Equation 18

Rref = Rref + ARref = Rref] (1 + ARref)

Rref

The Equation 18 change in Rref will give rise to a
corresponding change in V3, that is, to provide AV3, so
Equation 18 can be used to establish the entirety of both V3
and AV3, by substituting the resistance-impacted Rref of
Equation 18 into Equation 18, giving Equation 19:

@ ARref Equation 19
V3+AV3:V2+(—)><Rre/(1+ )><12
a+1 Rref
By distributing
)%z

(a I ) X Rref

in Equation 19, gives Equation 20:
Equation 20

V3+AV3 =

V2 + [(%)erefxlz] + [(%)lexARref]

In Equation 20, as was the case earlier for Equation 13,
there is an addend influenced by ARref and two others that
are not, so that Equation 13 also can be separated into a
nominal portion for V3 and a resistance-impacted portion
for AV3, as shown in Equations 21 and 22:

o

V3= 12 (=) xR x 2] Equation 21

o

AV3 = [(a - ) < I2XA R,ef] Equation 22

The preceding Equation 15 provides AV1, and the pre-
ceding Equation 22 provides AV3. Recall also that the
oscillator configuration 100 is configured so that the two
differential voltages, AV1 and AV3, offset each other (i.e.,
AV1=AV3). With the oscillator configuration 100, the pre-
ceding can then be solved to provide an appropriate rela-
tionship between the currents [1 and [2, so as to maintain the
voltage offset condition. Particularly, proper offset is
achieved when AV1=AV3, which can be mathematically
described by setting equal the values in Equations 15 and 22,
shown in Equation 23:

o

[( T fa) )2] X ARref x 11 = () x 12 x ARver | Equation 23

Cancelling out the common factors in Equation 23 gives
the desired relationship between the currents [1 and 12,
shown in Equation 24:

Equation 24

((1fa))x11:12

From Equation 24, and returning to FIG. 1, the desired
relationship of I1 and I2 can be achieved by selecting the
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device parameters (e.g., transistor width and/or length) of
the current mirror reference transistor 110 and the first MOS
transistor 120. For example, for £;,=32 MHz, then as other
examples C=2 pF, Rref=20 kOhms, transistor width=10 pm
and transistor length=1 pm.

Additionally, the preceding also provides a foundation for
determining the appropriate setpoint for the voltage V2.
Particularly, Equation 24 relates I1 and 2 with a goal to
achieve, or approximate, AVI=AV3, and at the same time,
also desired is the reduction of error signal to the error
amplifier 114, that is, also desired is achieving, or approxi-
mating along with feedback correction, that V1=V3. Also
with the oscillator configuration 100, this latter goal can be
directed by setting equal the values of Equations 14 and 21,
as shown in the following Equation 25:

ﬁ XI1X Rref = V2 + [(%)xlz] Equation 25

The value of I2 in Equation 25 may be replaced with that
shown in Equation 24, as shown in Equation 26:

T XI1XRref = V2 + [(QL)XRrefX((L

)xll] Equation 26
1+ +1 L+a)

Next, Equation 26 may be partially solved for V2, as
shown in Equation 27:

__® e Equation 27
“Tro X 11X Rref [(a+1)xlleref]

Equation 27 may be further reduced by factoring the
common term

_°
1 +a)

as shown in Equation 28:

o
1+

Equation 28

1 —(%)]xllmef

Equation 28 may be further reduced by providing a
common denominator and reducing terms, to Equation 29:

Equation 29

T d+a?

X 11 X Rref

Accordingly, Equation 29 provides an indication of the
desired setting for V2 at the fifth node 156, as may be
achieved by adjusting the variable resistor 144. For example,
the manufacturer of the oscillator configuration 100 can
adjust (trim) the variable resistor 144 such that f is achieved
at room temperature. Accordingly, V2 serves as a variable
offset voltage to combine with the voltage across the first
parallel resistance network 138, so as to adapt V3 consistent
with the above teachings.

FIG. 2 is a simulation graph 200 representing an example
of potential improvement by the oscillator configuration
100. The simulation graph 200 illustrates Rref on its hori-
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zontal axis and f; on its vertical axis. The simulation graph
200 also includes two plots, namely, an uncompensated
frequency response curve 202 and an adaptive-reference
voltage compensated frequency response curve 204. Gen-
erally, the uncompensated frequency response curve 202
represents potential frequency response of an oscillator as
may be observed in the prior art, where it has a reference
resistor (akin to Rref) that ideally provides a same, or
within-tolerance, amount of resistance, but is otherwise
susceptible to resistance-impacting factors, for example any
one or more of temperature, aging, and packaging stress.
Accordingly, as Rref varies for the uncompensated fre-
quency response curve 202, then the output target frequency
f; of the corresponding oscillator also varies. Indeed, in the
illustrated example, an approximate 12.5% variation in Rref
results in a +/~5% variation in f. In contrast, as Rref varies
for the adaptive-reference voltage compensated frequency
response curve 204, again in the illustrated example for an
approximate 12.5% variation in Rref, the adaptive offset
from the adaptive-reference voltage stage 108 results in a
+/—0.1% variation in f, meaning an improvement of a factor
of approximately 50, resulting in a relatively very accurate
clock frequency generation.

From the above, described examples provide an inte-
grated circuit that includes an oscillator configuration 100
for producing a clock signal at a target frequency f;. The
oscillator includes a feedback-controlled voltage stage 106
and an adaptive-reference voltage stage 108. The adaptive-
reference voltage stage 108 includes circuitry that adjusts a
reference voltage to compensate for non-idealities that occur
in the feedback controlled voltage from the feedback-con-
trolled voltage stage 106. For example, the adaptive-refer-
ence voltage stage circuitry may include one or more of a
variable offset voltage V2 and one or more resistors selected
based on resistance in the feedback-controlled voltage stage,
and further based on other impedance affecting factors in
that stage, for example include capacitance and target fre-
quency when a switched resistance is included in that stage.
Accordingly, the oscillator may provide benefits over a prior
art oscillator. One benefit is for the adaptive circuitry to track
the impact of certain factors on the feedback-controlled
voltage stage 106, where the tracking provides an offset so
that any effect of those factors on oscillator target frequency
are mitigated. Another benefit is outputting the clock signal
with reduced variation in the target frequency, even under
certain conditions that may affect the impedance of the
feedback-controlled voltage stage, other than the feedback
of the oscillator frequency to that stage. Such conditions
may include, as examples, IC temperature, package stress,
and age, and possibly others. Other benefits include varia-
tions and modifications to the structure, where certain
examples have been provided. Accordingly, additional
modifications are possible in the described embodiments,
and other examples are possible, within the scope of the
following claims.

What is claimed is:

1. An integrated circuit, comprising:

an error amplifier having a first input, a second input, and
an output;

a voltage controlled oscillator having an input coupled to
the output of the error amplifier and an output;

a feedback controlled voltage stage having at least one
control input coupled to the output of the voltage
controlled oscillator and an output coupled to the first
input of the error amplifier; and

an adaptive-reference voltage stage coupled to the second
input of the error amplifier, wherein the adaptive-
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reference voltage stage includes resistor network cir-
cuitry having a resistance proportional to an impedance
of the feedback controlled voltage stage.

2. The integrated circuit of claim 1, wherein the adaptive-
reference voltage stage includes circuitry for providing a
variable reference voltage.

3. The integrated circuit of claim 1, wherein the adaptive-
reference voltage stage includes trimming circuitry for pro-
viding a variable reference voltage.

4. The integrated circuit of claim 1, wherein the imped-
ance of the feedback controlled voltage stage is responsive
to a target frequency of an output signal from the voltage
controlled oscillator.

5. The integrated circuit of claim 4:

wherein the feedback controlled voltage stage includes a

resistance and capacitance; and

wherein the impedance of the feedback controlled voltage

stage is further responsive to the resistance and the
capacitance.

6. The integrated circuit of claim 1, wherein the feedback
controller voltage stage includes at least one switch adapted
to receive an output signal from the voltage controlled
oscillator, wherein the impedance of the feedback controlled
voltage stage is responsive to a frequency of the output
signal.

7. The integrated circuit of claim 1, wherein the feedback
controlled voltage stage includes a switched impedance in
parallel with a first resistor.

8. The integrated circuit of claim 7, wherein the imped-
ance of the feedback controlled voltage stage is responsive
to a switching frequency of the switched impedance in
parallel with the first resistor.

9. The integrated circuit of claim 7, wherein the resistor
network circuitry includes a second resistor matched with
the first resistor.

10. The integrated circuit of claim 9, wherein the resistor
network circuitry includes a third resistor in parallel with the
second resistor.

11. The integrated circuit of claim 10, wherein the third
resistor has a resistance responsive to resistance of the
second resistor and the impedance of the feedback con-
trolled voltage stage.

12. The integrated circuit of claim 1, further including a
filter coupled between the output of the feedback controlled
voltage stage and the first input of the error amplifier.

13. The integrated circuit of claim 1, wherein the feedback
controlled voltage stage includes a switched resistance cir-
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cuit having an equivalent impedance responsive to a fre-
quency of an output signal from the voltage controlled
oscillator.

14. The integrated circuit of claim 1, further including
current mirroring circuitry adapted to couple a first current
to the feedback controlled voltage stage and a second current
to the adaptive-reference voltage stage.

15. The integrated circuit of claim 14, wherein the second
current is proportional to the first current times a factor, the
factor responsive to an impedance of the feedback controlled
voltage stage.

16. The integrated circuit of claim 15, wherein the imped-
ance of the feedback controlled voltage stage is responsive
to a target frequency of an output signal from the voltage
controlled oscillator.

17. The integrated circuit of claim 16, wherein the imped-
ance of the feedback controlled voltage stage is further
responsive to a resistance and a capacitance of the feedback
controlled voltage stage.

18. The integrated circuit of claim 1, further comprising:

a divider having an input connected to the output of the

voltage controller oscillator, and an output connected to
the at least one control input of the feedback controlled
voltage stage.

19. A method of operating an integrated circuit, compris-
ing:

operating an error amplifier to output a drive signal to a

voltage controlled oscillator;
operating the voltage controlled oscillator to output an
output signal having a frequency to control an imped-
ance of a feedback controlled voltage stage;

operating the feedback controlled voltage stage to output
a frequency-dependent voltage to a first input of the
error amplifier; and

operating an adaptive-reference voltage stage to output an

adaptive reference voltage level to a second input of the
error amplifier, wherein the adaptive reference voltage
level tracks a temperature induced change in the fre-
quency-dependent voltage, and wherein the adaptive-
reference voltage stage includes resistor network cir-
cuitry having a resistance proportional to an impedance
of the feedback controlled voltage stage.

20. The method of claim 19, wherein the feedback con-
trolled voltage stage includes a switched impedance in
parallel with a resistor, and wherein the switched impedance
is controlled by the output signal from the voltage controller
oscillator so as to cause the feedback controller voltage stage
to output the frequency-dependent voltage.
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